In this study we have examined the expression of a heatshock protein (HSP) 70 gene in normal human peripheral blood leukocytes. Northern blot analysis showed that appreciable levels of hsp70 mRNA are present in monocytes and granulocytes, whereas transcript levels were barely detectable or absent in lymphocytes. Monocytes functionally activated by bacterial lipopolysaccharide (LPS) showed an early (15 minutes) increase of hsp70 transcripts that was shown, by actinomycin D blocking and nuclear run-off experiments, t o be dependent on transcriptional activation of the gene. LPS did not appreciably affect the hsp70 mRNA half-life. Monocytes exposed t o inactivated streptococci, phorbol-12-myristate-13-acetate, and tumor necrosis factor showed augmented levels of hsp70 transcripts, whereas interferon-y and monocyte, granulocyte, and granulocyte-monocyte colony-stimulating factors had no effect. Adherence to plastic HE HEAT-SHOCK proteins (HSP) are a group of T highly conserved proteins that are rapidly induced in cells of all living organisms when exposed to a variety of environmental stresses, including temperatures a few degrees above their normal growth temperature (heat shock), anoxia, mechanical trauma, ethanol, glucose deprivation, sulphydryl reagents, and heavy
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In this study we have examined the expression of a heatshock protein (HSP) 70 gene in normal human peripheral blood leukocytes. Northern blot analysis showed that appreciable levels of hsp70 mRNA are present in monocytes and granulocytes, whereas transcript levels were barely detectable or absent in lymphocytes. Monocytes functionally activated by bacterial lipopolysaccharide (LPS) showed an early (15 minutes) increase of hsp70 transcripts that was shown, by actinomycin D blocking and nuclear run-off experiments, t o be dependent on transcriptional activation of the gene. LPS did not appreciably affect the hsp70 mRNA half-life. Monocytes exposed t o inactivated streptococci, phorbol-12-myristate-13-acetate, and tumor necrosis factor showed augmented levels of hsp70 transcripts, whereas interferon-y and monocyte, granulocyte, and granulocyte-monocyte colony-stimulating factors had no effect. Adherence to plastic HE HEAT-SHOCK proteins (HSP) are a group of T highly conserved proteins that are rapidly induced in cells of all living organisms when exposed to a variety of environmental stresses, including temperatures a few degrees above their normal growth temperature (heat shock), anoxia, mechanical trauma, ethanol, glucose deprivation, sulphydryl reagents, and heavy
The most prominent and most thoroughly investigated members of this group of proteins are HSP of molecular weight of about 70,000 daltons (HSP70). In several species there are many genes encoding proteins related to HSP70 that constitute the HSP70 gene family. Although structurally related, members of this gene family appear to be functionally di~tinct.~ In mammalian cells there are three different types of HSP70-like proteins: stress-inducible HSP70, constitutively expressed cognate (HSC) 70, and glucose related proteins (GRP) 78.
HSC are constitutively expressed in several cell types of different organisms. The main feature of these genes is that, unlike HSP genes, their transcription is not responsive or weakly responsive to HSC have been shown to provide essential functions needed for normal growth," and a role in translocating proteins across membranes has been proposed On the other hand, hsp genes are typically induced when cells are exposed to environmental stresses'-' in which there is evidence that they contribute to cell survival.'s316 In addition, a role of hsp70 genes in controlling cell growth is suggested by the finding that in human cells a heatinducible member of the hsp70 gene family" is also expressed in actively proliferating cell^.'^^'^ The present study was designed to investigate the expression of hsp70 in circulating human leukocyte populations. The definition of expression of heat-inducible genes under physiologic conditions represents a crucial issue. Monocytes and granulocytes, unlike lymphocytes, constitutively expressed a heat-inducible member of the hsp70 gene family. Functional activation of monocytes by bacterial products (eg, lipopolysaccharide [LPS] and inactivated streptococci), cytokines (eg, tumor necrosis factor), and augmented hsp7O expression in monocytes. S1 protection analysis indicated that the gene expressed in monocytes is indeed a heat-inducible member of the hsp70 gene family rather than a constitutively expressed heat-shock cognate gene. Western blot analysis showed that a heat-inducible HSP72 was present in monocytes and, at augmented levels, in LPS-treated monocytes. LPS-activated monocytes were more resistant t o heat shock than unstimulated cells. These data indicate that a heat-inducible hsp70 gene can be efficiently expressed in myelomonocytic cells at physiologic temperatures. Expression of hsp70 genes in monocytes suggests a possible role of heat-inducible genes in the differentiation and/or functional activation of terminally differentiated nonproliferating elements of the myelomonocytic lineage.
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plastic adherence was associated with augmented expression of hsp70. These results suggest that a heat-inducible hsp70 may play a role in the differentiation and activation of myelomonocitic cells.
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by plastic adherence. Polymorphonuclear cells (PMN) were collected from the pellet of Ficoll gradient, washed twice in PBS at 400g resuspended in iso-osmotic complete medium (285 mOsm), and layered on the top of 60% Percoll solution (285 mOsm) in complete medium. Tubes were spun at 40% for 20 minutes at room temperature. The PMN-enriched fraction was recovered at the interface, washed twice with PBS, and resuspended in complete medium. PMN recovery was 290% and red blood cell (RBC) contamination was less than 5%.
HeLa cells were cultivated in RPMI 1640 supplemented with 10% FCS. Heat shock was performed at 43°C for 45 minutes; cells were allowed to recover at 37°C for 45 minutes and then RNA was extracted as described below. For protein analysis, HeLa cells were heated at 43°C for 3 hours, allowed to recover at 37°C for 30 minutes, and then subjected to the protein extraction procedure as described below.
Cycloheximide (CH), actinomycin D (ActD), and phorbol-12-myristate 13 acetate (PMA) were purchased from Sigma (St Louis, MO). LPS (Salmonella enteritidis) was from Difco Laboratories (Detroit, MI). Monocyte colony-stimulating factor (M-CSF) was from Cetus Corporation (Emelyville, CA). Granulocyte CSF (G-CSF) and granulocyte-monocyte CSF (GM-CSF) were purchased from Behringwerke (Marburg, Germany). Tumor necrosis factor (TNF) was from Basf-Knoll (Ludwigshafen, Germany). Interferon-y (IFNy) was from Biogen Production (Geneva, Switzerland). Inactivated Streptococci (OK432)" were from Chugai Pharmaceutical Co (Tokyo, Japan). Cells (1 to 2 x 106/mL in complete medium) were incubated with stimuli at 37°C for various periods of time in 50-mL plastic polypropylene conical tubes (Falcon, Lincoln Park, NJ), washed twice with 50 mL saline, and RNA or proteins were extracted as described below.
Percollpurified monocytes (1 to 2 x 106/mL in complete medium) were treated with LPS (10 pg/mL) for 4 hours, then exposed to 37°C or 50°C for various periods of time. After a 4-hour period of recovery at 37T, surviving cells were assessed in triplicate by eosin dye exclusion test. Data are expressed as the mean f standard deviation.
Northern blot analysis was performed according to standard procedures.22 Total RNA was isolated by the guanidine isothiocyanate method,u with minor modifications." Fifteen micrograms of total RNA was analyzed by electrophoresis through 1 % agarose/formaldehide gels, followed by Northern blot transfer to Gene Screen Plus sheets (New England Nuclear, Boston, MA). The plasmid containing a human hsp70 cDNA" was nick translated with a-["P]dCTP (3,000 Ci/mmol; Amersham, Buckinghamshire, UK). Membranes were pretreated and hybridized in 50% formamide (Merck, Rahway, NJ) with 10% dextran sulfate (Sigma) and washed twice with 2x SSC ( l x SSC: 0.15 mol/L sodium chloride, 0.015 mol/L sodium citrate) and 1% sodium dodecil sulfate (SDS; Merck) at 60°C for 30 minutes, and finally washed twice with 0 . 1~ SSC at room temperature for 30 minutes. The membranes were exposed for 12 to 24 hours at -80°C with intensifying screens. The hsp70 probe was removed from the membrane according to manufacturer's instructions, and then hybridized to a-actin probe2, under the same experimental conditions to ascertain that comparable amounts of RNA were transferred to filters. Autoradiography was subjected to densitometric analysis using a digitized image analyzer (RAS 3000, Loats System; Amersham).
Run+# Nuclear run-off experiments were performed essentialy as described" with some modifications. To isolate nuclei, 40 x lo6 Percoll-purified monocytes were washed twice with ice-cold Hank's balanced salt solution (HBSS) with Ca2+ and Mg2' and then resuspended in 0.5 mL lysis buffer (Tris HCL 10 mmol/L pH 7.4,
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MgCl, 3 "om, NaCl 10 mmol/L, NP-40 0.5%). After 5 minutes of incubation on wet ice, tubes were centrifuged at 440g at 4°C and cells resuspended in ice-cold 250 mL freezing buffer (Tris HCL pH 8.3, glycerol 40%, MgCI, 5 "om, EDTA pH 8 0.1 "om). Then 60 mL of run-off buffer 5 x (Tris HCl pH 8 25 "om, MgCl, 12.5 mmol/L, KCI 750 mmol/L, and 1.25 mmol/L each of dGTP, dCTP, and dATP) and 100 pCi a-"[PIUTP (Amersham; 6,000 Ci/mmol) were added to 230 pL of nuclei suspension and incubated at 30°C for 30 minutes. Elongated transcripts were then isolated using the guanidinekesium chloride procedure as described above and adding 50 pg of yeast tRNA as carrier. The RNA pellet was resuspended in 180 pL ice-cold TNE (Tris HCL pH 8 0.5 mol/L, NaCll.5 m o m ) and denaturated by adding 20 pL NaOH 2N on ice for 10 minutes. The solution was neutralized by the addition of HEPES pH 7.2 (final concentration 0.48 mol/L). RNA was then precipitated adding 880 pL ethanol; the pellet was resuspended in 100 pL hybridization solution (TES 10 mmol/L, SDS 0.2%, EDTA 10 mmol/L, NaCl 300 mmol/L) and radioactivity checked with a p-counter. RNA solution was hybridized at 65°C for 48 hours to DNA immobilized to nitrocellulose filters. In a given experiment, each filter was hybridized with the same number of counts per minute. The filters were then washed with several changes of SSC 0 . 2~ at 65°C for 30 minutes and incubated at 37°C in SSC 0 . 2~ with 1 pg/mL RNase A for 30 minutes. Filters were then exposed for autoradiography as described above. For immobilization of DNA to filters, plasmids (5 pg) were denaturated with 0.3 mol/L NaOH at 60°C for 30 minutes, neutralized with ammonium acetate (final concentration 4 mom), and spotted onto nitrocellulose filter (Schleicher and Schuell, Dassel, Germany) using a slot-blot apparatus (Schleicher and Schuell). Plasmids used contained a human hsp70 cDNA clone'7 and a mouse a-actin cDNA.'~ As a negative hybridization control, an equal amount of pBR322 was transferred to membranes.
A 49-bp single-stranded synthetic oligonucleotide of sequence 5'-GGTAGTGGACTGTCGCAGCAGCTCCTCAGGCTAGCCGlTAAGGCCTGGC-3' was synthesized with the phosphoramidite method using a Beckman 200A synthetizer. This oligonucleotide is complementary to nucleotides 1 through 40 (nucleotide 1 is the start of transcription) of a human heat-inducible gene of hsp70 gene family as reported by Wu et aLi7 This hsp70 gene has been referred to as hsx by Pelham.' Fifty nanograms of oligonucleotide was labeled at the 5' termini using 50 pCi of [ Y -~~P ] ATP (5,000 Ci/mmol; Amersham) and T4 polynucleotide kinase (Boehringer Mannheim, Penzberg, Germany). Labeled single-stranded probe was purified by 6% polyacrilamide gel electrophoresis according to standard procedures. Thirty micrograms of total RNA or yeast tRNA was mixed with lo4 cpm of the probe in a volume of 20 pL (50% formamide, Pipes pH 6.4 10 "om, NaC10.4 mol/L) and allowed to hybridize for 18 hours at 37°C. The tubes were then transferred on wet ice and the hybridization mix was diluted with 200 pL of ice-cold solution of NaCl 1.5 mol/L, sodium acetate pH 4.5 0.15 mol/L, ZnSO, 0.5 m o m , and incubated with 100 U of S1 nuclease (Boehringher) at room temperature for 30 minutes. The S1-resistant DNA was then precipitated with ethanol, denaturated, and analyzed by 8 mol/L urea-15% polyacrylamide gel electrophoresis (PAGE) and autoradiography.
Cells, 10 to 30 x lo6, were incubated at 4°C for 1 hour in 1 mL lysis buffer (Tris-HC120 "om, NaCll50 mmol/L, Triton x 100 1%, phenylmethylsulfonyl fluoride (PMSF) 1 mmol/L, Aprotin 100 Kallikrein inhibitor U/mL). Proteins were then quantified using the BioRad Protein Assay. Protein, 100 pg, from each cell population was separated by SDS-PAGE and electro-blotted on nitrocellulose sheets (Schleicher and Schuell) using the BioRad Trans-Blot Cell. Membranes were then incubated for 2 hours at SI protection analysis.
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use only. Amersham) in phosphate-buffered saline (PBS, GIBCO) with 3% BSA and 0.02% sodium azide for 1.5 hours at room temperature. After three washings with PBS-3% BSA, membranes were exposed for autoradiography.
RESULTS
Total RNA was extracted from highly purified freshly isolated human peripheral blood leukocytes and analyzed by Northern blot using a human hsp70 specific probe. As shown in Fig lA, appreciable levels of hsp7O mRNA were evident in monocytes and granulocytes whereas a weak hybridization signal was detected in lymphocytes. In this study we focused our attention on the characterization of hsp70 expression in circulating monocytes.
To assess whether hsp7O mRNA expression in freshly isolated monocytes was a transient phenomenon, we cultivated cells for various periods of time and then examined hsp70 expression. As shown in Fig lB, expression of hsp70 in monocytes was long lasting, still being detectable after 36 hours of culture. Moreover, unseparated but€y coat cells expressed appreciable hsp70 transcript levels (data not shown), suggesting that these are not a consequence of density gradient purification of cells.
On exposure to microbial or lymphokine products, mononuclear phagocytes undergo profound reprogramming of gene expression. Bacterial LPS is a prototypic activator of phagocytes?' Therefore, we examined expression of hsp70 in LPS-treated human monocytes (Fig 2) . Treatment of circulating monocytes with LPS considerably augmented hsp70 expression. When the kinetics of induction of hsp70 by LPS were investigated (Fig 2A) (Fig 2B) . LPS treatment of monocytes was not able to induce proliferation of these terminally differentiated cells as assessed by ' [ H I thymidine incorporation (data not shown). Because these data showed that hsp7O expression can be modulated in functionally activated normal monocytes, it was important to ascertain the mechanisms of the augmented gene expression. To ascertain whether hsp70 gene transcription is involved in the LPS-induced hsp70 expression, we treated monocytes with LPS in the presence of a transcriptional block obtained by adding ActD. As shown in Fig 2C, under these conditions treatment with LPS failed to raise hsp70 transcript levels. To confirm that induction of hsp70 expression by LPS is indeed at the transcriptional level, we performed nuclear run-off experiments. Results, shown in Fig 3, demonstrated an augmented hybridization signal (1 .&fold by densitometric analysis) of nuclei isolated from LPS-stimulated cells, indicating that this agent acts increasing hsp70 gene transcription. Then we examined the half-life of hsp7O mRNA in untreated and LPS-treated monocytes. As shown in Fig 4, the stability of these transcripts was not appreciably augmented by LPS treatment, with an estimated half-life of hsp70 mRNA of approximately 2 hours, as assessed by densitometric analysis.
Because we observed that LPS was able to modulate a heat-inducible gene in human monocytes, it was important to determine whether other stimulants of monocyte functions can influence the hsp70 expression in these cells. As 6) through 7) did not raise hsp70 mRNA. Monocytes exposed to both IFNy and LPS (lane 3) did not show augmented levels of hsp70 expression compared with LPS alone. These experiments have been performed by cultivating cells in polypropylene 50-mL conical tubes in which a low percentage of monocytes can adhere. Because adherence is believed to represent an activation signal for monocytemacrophages and it is able to modulate gene expression in mononuclear phagocytes," we examined hsp70 expression in monocytes allowed to adhere to plastic. As shown in Fig   5, lanes 11 and 12, adhesion to Petri plastic dishes induces high levels of hsp70 mRNA compared with the same nonadherent cell population.
RNAwss extracted from monocytes either immediately after separation (lane 1). or incubated for 3 (lane 2). 6 (lane 3), 16 (lane 4). 24 (lane 5). and 36 hours (lane
Northern blot and run-off analyses of hsp70 expression and transcription in monocytes were performed using a human heat-inducible hsp70-specific probe." Because of the high degree of nucleotide homology that exists among the constitutively expressed (hsc) and heat-inducible mem- bers of the hsp70 gene family, we could not identify which member of this gene family was actually expressed in myelomonocytic cells, even though our experiments were performed under conditions of high stringency. To unequivocally define the gene constitutively expressed and modulated in freshly isolated myelomonocitic cells, we performed S1 protection analysis, a more sensitive and specific technique compared with Northem blot. We synthesized a 49-nucleotide probe specifically designed to recognize the 5' end of the mRNA coded by a human heat-inducible hsp70 gene," with an expected protected fragment of 40 nucleotides. This hsp70 gene has been referred to as hsx70 by Pelham.4 This probe is extensively mismatched with the 5' end of constitutive human hsc70 mRNA. 6 As expected (Fig 6) , the 40-nucleotide protected fragment was evident in heat-shocked HeLa cells, showing that this probe is adequate to recognize the heat-inducible hsp70 gene transcript. The same protected fragment was evident in freshly isolated monocytes as well as, at a higher intensity, in LPS-treated monocytes. Thus, the member of the hsp70 gene family that is constitutively expressed and modulated in freshly isolated mononuclear phagocytes is a genuine heat-inducible hsp70 gene. The results presented here show that a heat-inducible hsp70 gene is differentially expressed in circulating human leukocyte populations. A heat-inducible h s~7 0 gene is constitutively expressed in myelomonocitic cells, unlike lymphocytes, and it is modulated in response to functional activation of these cells by bacterial products and cytokines. It was important to establish whether heat-inducible hsp70 transcripts can also be translated into proteins in monocytes. To this aim we performed Western blot experiments using a monoclonal antibody that specifically reacts with the heat-inducible HSP72 protein, but not with the constitutive HSP73 species. As expected (Fig 7) , HeLa cells exposed to heat shock expressed high levels of HSP72 protein. freshly isolated myelomonocytic cells were examined, a specific band was evident in monocytes and, at augmented levels, in LPS-treated monocytes.
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To determine if the induction of HSP72 in monocyte activation is functionally significant, we examined the survival of untreated and LPS-activated monocytes exposed to high temperatures. As shown in Fig 8, in which a representative experiment is reported, activated monocytes showed a significant survival advantage when exposed to hyperthermia as compared with nonactivated cells.
DISCUSSION
The results presented here show that human peripheral blood myelomonocytic cells express a heat-inducible hsp70 gene and activation of monocytes with specific agents (LPS, bacteria, phorbol esters, and tumor necrosis factor) is associated with augmented mRNA levels. The hsp7O gene was identified as a heat-inducible member of the hsp70 tions and are weakly induced or are not weakly induced by heat or other By contrast, heat-responsive genes are typically induced at the transcriptional level when cells are exposed to environmental stress, whereas in unstressed cells very low levels (1/1,OOO compared with stressed cells) of hsp70 mRNA have been found and the corresponding protein was not detectable in substantial quantities at physiologic temperatures?' Because we focused our attention on a heat-inducible member of the 70-Kd family, the possibility that other genes belonging to hsp are modulated in activated monocytes cannot be ruled out. The same hsp70 gene studied here, designated hsx70 by Pelham: was also found to be induced during the synthetic phase of the cell cycle. cell growth. It has been suggested that heat shock is a prerequisite for translation of heat-inducible hsp7O genes?' Human monocytes represent a cell type in which both transcription and translation of heat-inducible hsp70 genes can occur in the absence of heat shock.
By Northern blot and S1 protection analyses, unstimulated human lymphocytes expressed little or no hsp70 mRNA. The expression of hsp70 genes in lymphocytes has been the object of previous studies*'* in which mononuclear cells, possibly containing a considerable proportion of Activation of human monocytes by bacterial LPS was associated with augmented transcription and translation of an hsp70 gene. LPS is a prototypic activation signal for mononuclear phagocytes that induces a complex reprogramming of the functional status of mononuclear phagocytes." Activation of phagocytes by LPS and cytokines is associated with early transient increase in the expression of immediate early competence genes C -~O S ' '~~~ and cjun." The products of these genes are involved in regulation of gene transcription4' and may therefore be part of the network that ultimately results in the expression of new sets of functions in activated phagocytes. It will be important to define the significance in this framework of heat-inducible hsp70 transcription and translation. Mononuclear phagocytes are secretory cells, and activation by LPS augments or induces the release of a variety of protein secretory products. Because in yeast HSP are involved in the transport of molecules across membra ne^,'^.'^ it is tempting to speculate that HSP70 may serve as a transport mechanism for proteins in resting and activated phagocytes. Mononuclear phagocytes, which are typically secretory cells and respond to several environmental stimuli, may be suitable to test the role of HSP in the secretory pathways of higher eukaryotes.
The expression of a heat-inducible HSP7O gene could be of considerable biologic relevance in the immunobiology of mononuclear phagocytes. Expression of hsp70 has been associated with cell differentiation during ontogeny and in in vitro culture systems. Members of the hsp70 gene family are expressed during early development of many different organisms and are believed to be among the first product of zygotic gene activity in early mouse embryos." hsp genes are also expressed during differentiation in the germ line of various species."." When in vitro established cell lines were induced to terminal differentiation by chemical agents, a decrease of hsp expression was found in teratocarcinoma cells,45 whereas conflicting results have been obtained with human* and murine47 erithroleukemia cells. The finding that hsp70 is selectively expressed in mature terminally differentiated myelomonocytic cells (PMN and monocytes), but not in lymphocytes, raises the interesting possibility of a role of this gene in leukocyte differentiation.
Mononuclear phagocytes are inflammatory cells that are recruited and act at sites of tissue injury. Expression of hsp70 genes has been shown to render cells more resistant to environmental stresses, including and chemical poisons. 48 Expression of a heat-inducible hsp70 in mononuclear phagocytes, and its augmentation associated with activation by bacterial products, cytokines, and adherence may provide these cells with the ability to survive and function in the hostile microenvironment of inflammatory foci. In good agreement with this hypothesis, we found that functionally activated monocytes are more resistant to elevated temperatures than unactivated cells.
